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Introduction

Extended defects, such as dislocations and
grain boundaries, play an important role in determining the performance of various semiconductor
devices. This paper reviews applications of electron-beam-induced-current and cathodo lumin escence
scanning electron microscopy for the investigation
of dislocations and grain boundaries in semiconductors. We developed a simple analytical method
for the determination of the grain boundary recombin1tion velocity and the minority carrier diffusi on length, in contrast to a previous method
whi : h requires the use of a computer for the numer ical calculation of an integral expression. We,
also, studied theoretically the influence of an
individual dislocation on the minority carrier
lifetime. Investigation of dislocations in GaP
indicated that the carrier recombination takes
place at a Cottrell atmosphere of the S-donor/Cu
comple xes surrounding the dislocations.

Minority carrier diffusion length(L) and
lifetime(r) are important parameters which determine the performance of various semiconductor devices. Extended defects, such as dislocations and
grain boundaries(GBs) in polycrystalline semiconductors, affect the parameters Land r
(Dimitriadis,1985a, 1985b, 1986) and, therefore,
characterization of these defects is of great
importance for device applications. Scanning
electron microscopy (SEM) in the electron-beaminduced-current(EBIC) and cathodoluminescence(CL)
modes of operation is well suited for characterization of defects in semiconductors and semiconductor devices. A number of text books give
the basic principles of an SEM (Thornton, 1968;
Oatley, 1972; Holt et al., 1974).
The finely focused electron-beam of the SEM
acts as a localized source of excess carriers in
the semiconductor. If the semiconductor contains
an internal field (p-n junction or Schottky diode)
part of the injected electrons and holes are collected by the junction field and produce a current
in the external circuit. By scann ing the electron
beam across the semiconductor surface and forming
an image using the EBIC signal, the presence of
electrically active defects can be reso lved
(Leedy, 1977). Also, SEM-EBIC techniques were
modelled for diffusion length and lifetime measurements(Berz and Kuiken,1976; Kuiken,1976;Leedy,
1977; Ioannou and Dimitriadis,1982) and characterization of grain boundaries(Zook,1980; Donolato
and Klann,1980; Seager,1982; Burk et al., 1983;
Donolato,1983; Dimitriadis,1985c).
In cases where the radiative recombination
efficiency of the semiconductor is reasonably
high, defects could also be detected by the CL
mode. Many papers in the CL area appeared in the
last few years. Most of them dealt with CL measurements performed under steady-state conditions
and only recently were time-dependent measurements
reported for lifetime measurements in a disloca tion - free area of the sample (Davidson and
Dimitriadis , 1980; Steckenborn,1980;Steckenborn et
al., 1981; Hastenrath and Kubalek,1982;
Myhajlenko and Ke,1984) and in the vicinity of an
individual dislocation (Rasul and Davidson,1977;
Dimitriadis et al,,1978; Dimitriadis,1983). A
theoretical treatment of time-dependent CL in a
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dislocation-free area of the sample was repoted recently (Jakubowicz,1987). To the author's knowledge time-dependent CL in the vicinity of an individual dislocation has not been treated so far.
An advantage of the CL method is that the
only sample preparation needed for CL work is
polishing of the surface to be studied, while in
the EBIC method heat treatment for device fabrication may change the characteristics of the
starting material. Therefore, for assessment of
the starting material, the CL method is more
suitable for materials of high luminescence
efficiency and the EBIC method for materials of
low luminescence efficiency .
Here we are mainly concerned with recent developments and advances in EBIC and CL techniques
for the investigation of extended defects in semiconductors. Several authors have measured the GB
recombination velocity in Si bicrystals by applying quantitative EBIC methods (Burk et al.,1983;
Donolato,1983; Seager,1982). Their quantitative
analysis of the induced current profile at a GB
requires the use of a computer for numerical calculation of an integral expression. In contrast
to previous authors, we derived a simple analytical expression for the EBIC profile at a GB for
point source excitation (Dimitriadis,1985c).
Based on this expression,-the GB recombination
velocity and the diffusion length in the grain
can be, easily, obtained by fitting the experimental and theoretical induced-current profiles.
Also , this work presents a theoretical analysis of the CL signal after switching off the
electron beam in the vicinity of an individual
di slocation . From the analysis of the CL decay
when the electron beam is located at various
distances from the dislocation, the influence of
the dislocation on the minority carrier lifetime
can be determined. By studying the influence of a
single dislocation on the bulk lifetime, the
dislocation recombination process can be resolved.
Practical application of this technique indicated
that carrier recombination at dislocations in GaP
is due to a Cottrell atmosphere of the S-donor/
Cu complexes segregated around the dislocations
(Dimitriadis,1983, 1985a, 1985b).
Carrier Generation and Recombination
Generation
The EBIC and CL modes of SEM operation rely
on the generation of excess minority carriers by
the electron beam:The electron beam impinging on
the semiconductor undergoes a successive series
of elastic and inelastic scattering mechanisms.
As a result of these scattering events in the
semiconductor, the electron beam transfers its
energy to the lattice electrons over a distance
given by the Gruen expression
( 1)

where Eb is the electron beam energy, pis the
density of the material, k and n are constants
which depend on the atomic number of the material (Z) and the electron beam energy (Eb). According to Everhart and Hoff (1971), for electron
energy range 5<Eb <25keV and atomic numbers
10 <Z<l5, the range of electron penetration (Re)

1980

is given by
(2)

where pis in g/cm 3 and Eb is in keV. Kanaya and
Okayama (1972) derived a more general expression
for Re for a wider range of atomic numbers.According to Kanaya and Okayama (1972) the range Re is
given by
Re=(0.027A/pZO.BB 9 )Ei· 65 (µm)
(3)
where A is the atomic weight in g/mol, pis in
g/cm3 and Eb is in keV. The shape of the generation volume depends on the atomic number. For material of low atomic number the generation volume
is pear-shaped, for 15<Z<40 the generation volu~ e
is spherical and for larger atomic numbers the
generation volume is hemispherical.
The electron-hole pair generation rate (G)
is given by
Vbib
VbibQ
G=(1-£)~ - - (1-£)
(4)
qEi
qEg
where Vb and Ib are the electron beam voltage ar.d
energy, respectively, q is the electronic charge,
E. is the ionization energy (i.e. the energy req~ired for the formation of an electron-hole
pair), E is the energy band gap, Q is the quantum-effi~iency for electron-hole pair generatior
and£ is the fraction of the electron beam enerry
lost due to backscattered electrons. Q is typically 30% for ma ny semiconductors, showing that
this fraction of the electron beam energy generated carriers, while the remainder energy is
dissipated as heat. The ionization energy E- depends on the band gap of the semiconductor Jccor ding to the relationship E0 =2.8E +M where O<M<le V.
Recombination
g
The charge carriers generated as described
above will be subjected to diffusion before recombination takes place. The three factors of generation, diffusion and recombination determine
the three-dimensional distribution of the exce, s
minority carriers. Under steady-state conditions,
the differential equation giving the spatial cistribution for an-type semiconductor is:
lip +G = 0
(5 )
Dv2lip - T
where lip is the concentration of excess holes, D
is the hole diffusion coefficient,t is the hole
lifetime and G is the generation function mentioned above. ~hen the diffusion length Lis
significantly larger than the generation volume
radius, then the assumption of a point source excitation can be made. This assumption simplifies
the problem of finding a solution of the diffusion
equation.
Various boundary conditions should be taker
into account when solving Eq . (5). Surface recombination becomes an important factor limitinn
the excess carrier density, because the carriers
will mostly be generated within a diffusion
length of the surface and most of the carriers
reaching the surface ,1il l recombine there. If s
i~ the surface recombination velocity, the solution of Eq. (5) must sat isfy the boundary condition
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(6)

Also, if other recombination processes take
place, additional boundary conditions should be
considered. Here, we are mainly concerned with recombination at dislocations and grain boundaries.
In case where the semiconductor surface contains
a rectifying contact, the surface recombination
velocity can be considered as infinite and the
boundary condition (6) becomes
11pl Z=O = 0

(7)

In the following sections, for investigation of
dislocations and grain boundaries, we describe
SEM-EBIC and CL methods based on the solution of
Eq. (5) with the appropriate boundary conditions.
SEM Investigation of Dislocations
in Semiconductors
Dislocation density
For semiconductors of high luminescence efficiency, the CL mode of the SEM has been used
for measurement of the dislocation density. The
EBIC mode of the SEM can also be used and is
indeed necessary for non-luminescence semiconductors such as silicon. The CL technique has the
advantage that it allows measurements to be performed without sample preparation to form rectifying and ohmic contacts. Under most circumstances both methods rely on the local reduction
of the mino~ity carrier lifetime corresponding to
a decrease in the CL or EBIC signal (Davidson and
Dimitriadis, 1980).
In the [BIC methods, the p-n junction could
be a more reliable rectifying contact than the
Schottky barrier, because the junction is well
below the surface and defects lying deep in the
sem iconductor could be detected. However, the
fabrication of the p-n junction involves high temper~ture pro~ess, d)ffusion or epitaxy, which may
modify the dislocation concentration and distribution in the material, and therefore defects obs~rved in the EBIC image might not be representa tive of the original material. The Schottky barrier EBIC method does not suffer from this limitation since room temperature process is required
for fabrication of the rectifying contact, but
great care mus~ be taken in the sample preparation
for the formation of good Schottky barriers.
SEM-EBIC Schottky barrier and CL micrographs
from the same area of the specimen show that
there is 1:1 correspondence between dark dots in
the two types of micrographs. Typical EBIC
Schottky barrier and CL micrographs, obtained
from the same area of a LPE GaP layer, are illustrated in Fig. 1. The CL micrographs also include
some dark lines, not observed in the EBIC micrographs. These lines can be explained as due to a
corrugated or lamellar surface structure which is
obtained i~ epi~ayers grown in the LPE process.
The dark lines in the CL micrograph could be a result of the smaller extraction of the internally
generated light from these steps on the specimen
surface.
The spatial resolution of the EBIC or CL
mode is generally determined by three factors:the
electron-probe size, the generation volume radius
rg and the minority carrier diffusion length L.In

•

FIG. 1 One to one correspondence between black
dots in (a) CL and (b) EBIC micrographs obtained
from the same area of a GaP sample (Eb=25 keV).
practice the same beam spot size varies between 0.5
to 1 µm which is smaller than the generation volume
at electron energies between 7.5 to 25 keV and,
thereby, not limiting the resolution. When the
d~ffusio~ is large, the carriers diffuse a significant distance before recombining, the resolution
should decrease and the micrograph become more
blurred. The resolution is expected to be determined_by a paramete~ resulting from adding the generation volume radius and diffusion length in
q~adrature (Davidson,1977). In general, the experimental resolution appears to be rather better
particularly in the EBIC mode, than the expected
resolution. One possible explanation for this is
that, close to the surface, the value of L should
be reduced due to high recombination at the top
surface and the resolution should be determined
only by the generation volume.
From Fig.l(b) it is seen that the diameter of
t~e black gots is about 5 to 6 um and their density ~4xl0 cm-2. However, the EBIC image resolution varies ~ith the electron beam voltage. Fig.2
~hows EBIC micrographs of the same sample region
in a LPE GaP layer obtained at beam energy 25 keV
and 15 keV, beam current ~5xl0-8 A and beam diameter ~1 µm. The black dot diameter in the EBIC
micrographs reduces from about 5 µm for Eb=25 keV,
to ab~ut 2 µm for Eb=15 keV. It is observed that
the diameter of the black dots is about equal to
that of the corresponding generation volume.Since
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FIG.3 Schematic illustration of the experimental
arrangement used for EBIC investigation of defects.
formation in the EBIC imaging has been published
(Donolato,1979; Donolato and Klann,1980 ) . The
dislocation is represented as a continuous distribution of point defects on a semi-infinite line
with the origin on the surface. First, Donolato
(1978) obtained an analytical expression for the
contrast profile (i.e., the ratio of the EBIC
signal measured for the beam spot being located at
the defect to the background current) of a pointlike defect located at a depth z=H,
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FIG.2 EBIC micrographs obtained from the same area
of a GaP sample for different electron beam
energies.
the diffusion length L>2µm, it is concluded that
the EBIC image resolution of dislocations is not
limited by the diffusion length but is solely
determined by the generation volume. Therefore,
when SEM is operated in the EBIC or CL mode, a
compromise between signal/noise ratio and spatial
resolution must be achieved for good quality EBIC
or CL micrographs. The smallest electron energy
must be compatible with the minimum detectable
signal and the best resolution of the EBIC or CL
mode.
Electrical Activity of Dislocations:The EBIC ~ethod
A steady-state EBIC method has been used for
investigation of dislocations in semiconductors.
The geometrical configuration of the method is
illustrated in Fig.3. A Schottky contact or a
shallow p-n junction is applied for charge collection. The electron beam of the SEM penetrates the
rectifying contact and generates electron-hole
pairs in the semiconductor. The beam-generated
carriers, which reach by diffusion the contact, are
separated and collected by the built-in field producing an EBIC current in the external circuit.
This current is used as video signal of the SEM.
When the probing beam approaches the dislocation, the collected current decreases as a result
of the enhanced carrier recombination and contrast
is produced at the screen of the SE~. A simple analytical description of the dislocation contrast

(8)

being the beam position relative to the point
defect, L the minority carrier diffusion length and
v a constant giving the strength of the defect. The
theoretical analysis was based on the assumptions:
(a) the recombination rate at the defect is higher
than in the bulk;(b) the influence of the defect on
the minority carrier diffusion is treated as a
perturbation; (cl the generation volume is a uniform sphere of radius equal to the half of the
primary electron range (R) and tangent to the
surface.
e
In the case of a straight dislocation perpendicular to the surface, the contrast profile of a
dislocation io was found by integrating Eq.(5)
~

i*0 (~,R ,H,L,v) ~ Ji*(~,R ,H,L,y)dH
(9)
e
e
O
The dislocation contrast profile can be obtained by
numerical calculation of the integral in the relationship (9). Then, by fitting the experimental
data with the theoretical results, the minoritycarrier diffusion length and the dislocation
strength can be calculated. The above analysis was,
also, extended for a straight semi-infinite dislocation with origin on the surface and inclined at a
certain angle (Donolato and Klann,1980). Study of
the contrast pronerties of a dislocation led to a
simple practical criterion for deciding if the image
feature corresponds to a dislocation or to a l oca l ized defect (Donolato,1979):if the black dot is
evident at all beam energies, it corresponds to a
line defect extending into the material; if it
appears only for a definite beam energy Eb, it
corresponds to a localized defect located at a
depth about Re(Eb)/1.2.
Recently, a time resolved EBIC method was
modelled for investigation of dislocations in semiconductors (Jakubowicz,1985). The geometrical
configuration of the method is illustrated in Fig.4.
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Therefore, if ln(I-t3/2) versus tis plotted, a
straight line should result from the slope of
which the lifetime can be obtained. When the
electron beam is positioned close to the dislocation, the slope of the EBIC versus time plot is
sensitive to the dislocation strength. By comparison of the experimental data with the theory,
the strength of the dislocation as recombination
centre can be determined. The above method can,
also, be extended for a dislocation perpendicular
to the surface or inclined at a certain angle.
Electrical Activity of Dislocations:The CL Method
CL studies in the SEM provide an excellent
tool for characterizing the electrical activity
of dislocations in semiconductors. Here, we present a theoretical analysis of the CL signal
after switching off the electron beam in the
vicinity of an individual dislocation. By comparison of the experimental data with the theoretical
results, the bulk lifetime (T.b), the surface recombination velocity (s) and the effective dislocation core radius (a) can be estimated.
CL Decay Near a Dislocation The geometrical
arrangement of the experiment is shown in Fig.5.

Electron Beam
Chopper
Schottky
•contact

FIG.4 Schematic illustration of the time-resolved
EBIC method used for investigation of a dislocation parallel to the sample surface.
The dislocation line is parallel to the charge
collection plane at a depth Hand is represented
by a series of individual spheres of enhanced re combination. Each sphere corresponds to a pointlike defect which act as a sink for minority
carriers and it has a strength characterized by an
effective radius ya. The defect is characterized
with "infinite strength" when v=1 and with "finite
strength" when 0,s y,; 1.
Electron-hole pairs are generated by the
electron beam which is switched off at t=O . Some
of the carriers recombine at the dislocation and
others are collected by the junction giving rise
to an induced current in the external circuit.
First, Jakubowicz (1985) obtained an analytical
expression for the induced current decay with time
in a semiconductor containing an individual pointlike defect. The source of electron-hole pairs was
assumed to be pointlike located at a depth z=h and
the injection level low. For a pointlike defect at
a distance b from the source of excess carriers and
for VO <<b ,H, the current versus time relationship
can be written as
I(t)=Ib(t)-Id(t,h,H,b,L,n)

Electron
Beam

-----r----::-------+;----x
th
-xo~

y

S

z

(JO)
FIG.5 Schematic illustration of the model used for
the study of the CL decay around a single dislocation.

where n=va/L, Ib(t) is the background current
when the electron beam is positioned far from the
defect and Id is the contribution of the defect to
the collected current . This analysis, extended for
a series of pointlike defects, can be used for
characterization of individual dislocations in
semiconductors. Thus, taking the sum over the
whole length of the dislocation, the EBIC decay
curves as a function of the parameter n at a given
distance x of the point source from the dislocation
can be written as

Electron-hole pairs are generated by an electron
beam which is switched off at time t=O. Some of
the carders diffusing away from the carrier
source recombine at the surface and the dislocation, and others produce radiation in the
whole volume of the material. In the analysis for
the calculation of the total CL intensity, with
the electron beam positioned near the dislocation,
the following, :assumptions are made: (1) The sample
surface is assumed to be semi-infinite i.e.,
bounded only by the top surface at z=O which is
characterized by a constant recombination velocity
(s). (2) The diffusion length is much greater than
the generation volume radius, i.e. we can consider
excitation of a point s.ource at a distance h below
the surface . (_3)_ The dislocation line is normal to
the sample surface and it is represented by a
series of pointlike defects. Each pointlike defect,
acting as a sink for minority carriers, is considered to be a sphere with a characteristic effective

I(t)=Io(t)- ~ I/t,h,x,L,n)
(11)
length
where I0 (t) is, as previously, the background
current. When the electron beam is positioned far
away from the dislocation (x=
there i s no influence of the dislocation on the EBIC decay curve
(i.e, n=O). In this case, for long times t compared
to lifetime T., the EBIC decays with time according
to the relationship (_Jakubowicz,19B5}
00 ) ,

I(t) crexp(-t/1.}/ t 3/2

b

s

(12)
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radius a (Jakubowicz,1985). If G is the strength of
the point source, the pointlike defect at a depth
~ acts as a sink with strength (Jakubowicz,1985)
G'=-{a/b)exp[(a-b)/L]G

(13)

(14)

x{ exp[- (z

x[l+exp{S(SU+H) }erfc(~ +S/0)H

2S

J exp(-SC0

+ exp[-

(Z+H+C)
4U

- erfc(mll

X

x {l+erf( 27D") }exp(-U) x
H

r,;

H

x {l+e xp[S(SU+H)]erfc(271:rS,U)-erfc(ml J

(20)

W~en the electron beam is positioned far from the
dislocation there is no influence of the dislocation on the total population of excess minority
carriers and using Eq. (18) the normalized CL intensity is
IN= exp(-U) x
H

cz;~) 2]dCJ

(19)

where A is the dimensionless quantity defined by
A=a/L. Therefore, the total CL intensity IN at any
time t, normalized with respect to the CL rntensity at t=O, is given by
I(t) _
IN= TTOT-

l+v 2
40 ) exp(-U) x

2

4~) ]

Jx

x[l+erf(X 0 /2/0J xexp(-U) x

c,OCD 00

(X-x

(18)

~ [l-exp(A) n=l,3,5,
~
..

I(t)-r .1-LJ lip(x,y,z}dxdydz
(15)
r
where 1r is the radiative lifetime of the pairs
and lip(x,y,z} is the local intensity of excess
minority carriers (i.e., holes for n-type semiconductor).
In order to calculate the total population of
excess minority carriers (liPltot at any time t, we
will first calculate the total population of
excess minority carriers (lipltot s due to the
point source Sat a depth hand then we will consider the contribution of the point sink S' at a
depth c;. The contribution of the dislocation to
the total population of excess minority carriers
will be the sum of the poin t sinks o~er th ~ whole
len gth of -the di slocation.
Von Roosbroeck (1955) has calculated the
density of the excess minority carriers lips due to
an instantaneous point source of unity strength ,
under the conditions stated at the beginning of
this section. Using the results of Von Roosbroeck
(1955) (Eq.22), we obtain the following expression
for lips:
lips=G1(4nU)- 312 exp(-U-

X

where erf(x) and erfc(x) are the error and complementary error functions, respectively. Taking into account the contribution of the point sinks
over the whole length of the dislocation, then by
combining Eqs. (14) and (18) the total population
of excess minority carriers is given by

and Xo is the distance between point source and
dislocation. For derivation of Eq.(14) it was
assumed that the pointlike defect is small enough,
i.e. b>>a. (4) Self-absorption of the luminescence
is negligible for semiconductor with an indirect
gap like GaP. (5) The injected excess carrier
density is small compared with the majority
carrier density. Assuming that the local intensity
of light produced by radiative recombination is
proportional to the density of excess electronhole pairs, the intensity I(t) of the total CL is
given by
1

3

H +S /0U)-erfc(m)]
H
x[l+exp{S(SU+H)}erfc(27(J

where bis the distance between the defect and the
source of excess carriers
b=Vx~+(C:-h) 2 ,C:=na,n=l,3,5,...

1

(lip)tot,s = ¥GIL )exp(-U)[l+erf(270")]x

r,;

H

x{l+exp[S(SU+H)]erfc( 27ttS,u)-erfc(-270-)J

(21)

First, we study the CL decay when the electron
beam is positioned far from the dislocation. Equation (21) shows that the normalized CL decay,
generally, has a non-exponential character. Using
the asymptotic expansion of the complementary
error function erfc(x)=exp(-x2)//n x for x>>l
(Abramowitz and Stegun,1965), then for large enough
times the above expression of Eq. (21) can be
simplified significantly to
I _ exp(-U)
(22)
N - Tntrs

(16)

where U, X0 , X, Y, Z, Hand Sare dimensionless
quantities defined by
U=t/1, X0 =x 0 /L, X=x/L, Y=y/L

(17)

Z=z/L, H=h/L and S=s/(L/t)
(lip)t
can now be obtained by integrating Eq.
(16) 8S~t the entire sample volume. After some mathematical treatment, the final result is

Therefore, for large t,plot of ln(IN./t) versus t
should give a straight line from the slope of
which we can determine the minority carrier life-
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nation at dislocations are most probably dangling
bonds (Figielski,1978). Studies of the influence
of dissociation of individual dislocations in Si
into Schockleypartial.s on their carri:er recombi-nation efficiency, suggested that recombination
at dislocations in Si is associated with their
core-structure (Ourmazd and Booker,1978).However,
the recombination process at dislocations in GaP
was still unknown. Here, we suITTTiarize the attempt
made to elucidate the dislocation recombination
mechanism in GaP using the SEM-CL technique to
measure the lifetime around single dislocations
(Titchmarsh et al.1977;Dimitriadis et al.,1978;
Dimitriadis,1983,1984b).
A SEM, substantially modified for efficient
light collection (Davidson and Rasul , 1977) was
used for CL measurements. The luminescence was
detected by a RCA C31024A photomultiplier, amplified and fed to a Brookdeal photon counting sampling unit. Electron beam blanking was achieved by
modulating the Wehnelt cylinder. The response
time of the system was about 3ns. The measureme§t s
were performed at 25 kV with beam current 5x10- A
and electron probe diameter lµm . The sample temperature could be varied between 77 and 500 K.
CL measurements were carried out on n-type
liquid phase epitaxial lLPE) and vapour phase epitaxial (VPE) layers of GaP, goped with nitrogen
at a concentration about 10 1 cm- 3 . Figure 7 shows
typical CL decay curves with the beam located at

time, i.e.
(23)
1: = -1/slope
The other parameter Scan be determined by fitting the experimental IN(t) curves with their
theoretical expression of Eq. (21).
When the electron beam is positioned near an
infinitely long dislocation, then according to Eq.
(20) the CL decay is influenced by the dislocation
recombination (Fig. 6). For theoretical calcula100
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FIG. 6 Plot of the normalized CL against the normalized time U with the electron beam positioned
at a distance X0 =1 from the dislocation; H=0 . 2,
S=lO and Sis a varying parameter .

u

tion of the curves I (U) versus U, we consider
that only part of th~ dislocation extending to a
depth of about one diffusion length influence the
CL decay. Since the parameter H fs known and the
parameters T and Scan be determined from the analysis of the CL decay when the electron beam is
positioned far from the dislocation , by fitting
the experimental curves I (U) versus U with the
Eq. (20), it should be ab~e to determine the dislocation radius a. It is obvious that the sensitivity of the method will improve with decreasing
the distance (X 0 ) of the beam from the di slocation .
On the other hand,
a limitation to the distance xo
should be imposed since the method holds for x0 >>a.
By studying the recombination efficiency of di slocations under various conditions, it will be
possible to elucidate the recombination process
at the dislocations .
Application: Recombination at Dislocation in GaP
The Recombination Process. In very pure semiconductors , like Si and Ge , spin-dependent effects
indicated that the elementary centres of recombi-
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FIG . 7 Experimental CL decay curves with the elec tron beam positioned far from the dislocation (·)
and at a distance 6.7 µm from the dislocation (O)
and electron beam energy 25 keV.
at a distance 6.7 µm from a dislocation and far
from the dislocation in the sample LPE TH108.0ne
clearly observes a reduction of the CL intensity
as the electron beam approaches the dislocation
and a rapid CL decay for small t followed by a
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near-exponential decay for large t, in agreement
with our theoretical predictions. Also, the lifetime obtained from the time constant of the CL decay is reduced as the beam is positioned closer
to the dislocation. Figure 8 shows the variation
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FIG.9 Temperature dependence of lifetime with
the electron beam positioned at(·) and away (o)
from a single dislocation in (1) VPE GPR217 and
(2) LPE TH108 (Dimitriadis et al.,1978).
Figure 10 shows the ln(r.t 112 ) versus t curve obtained from the experimental data of Fig. 7. For
large ta straight line is obtained, in accordance with the theory (Eq. 20), from the slope of

18

Dista n ce (1Jm )

FIG. 8 Lifetime variation with distance from a
dislocation in (a) green VPE, (b) VPE GPR217, (c)
LPE TH108, and (d) LPE TH54 (Dimitriadis et al.,
1978).
of lifetime with distance for a single dislocation
in a LPE and VPE samples(Dimitriadis et al .,1978).
In all cases the lifetime tended to the bulk value
at approximately one diffusion length. Table I
summarized the typical lifetime reduction observed
at sing le dislocations in various epitaxial layers
(Dimitriadis et al.,1978). The temperature variation of the lifetime measured at a single dislocation and at a dislocation-free area of the samples is shown in Fig. 9 (Dimitriadis et al.,19 78).
It is clear that the temperature variation of the
bulk lifetime is simi lar to that of the dislocation 1ifetime.

...

Table I. Lifetime reduction at s ingle dislocations
in different GaP epitaxial layers.

Material

Doping (S)
densi;y
(cm- )

VPE GPR217

5x1016

VPE Green

l x1018

22 %

LPE TH108

lxl0 18

30%

LPE TH54

lx10 18

30%

1ifetime
reduction
at dislocation
10%

200

800
t(ns)

FIG. 10 Plot of ln(I/t) versus t for the experimenta l data of Fig. 9 with t he electron beam positioned far from the dislocation.
which we find T=l95 ns. The minority arrier diffusion length Lis calculated using L2=DT where
the diffusion constant Dis about 4 cm2s- 1 inntype GaP (Harding et al.,1976), and it is found
to be L=8.8 µm. The electron penetration depth in
GaP for Eb=25 keV is h=l .5 µm. Figure 11 (curve
(a)) shows the experimental data of the CL decay

From the experimental data of the CL decay
with electron beam located far from the dislocation we can determine the hole-lifetime (t) and
the surface recombination velocity (s).
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the effect of annealing on the recombination efficiency of these defects.
The deformation was carried out with a simple
bending apparatus in inert gas atmosphere at 650
oc (Dimitriadis,1983). The temperature was <68ooc
because above 680°c out diffusion of phosphorus
occurs leaving high concentration of P-vacancies
which may influence the dislocation efficiency.
Black lines in CL micrographs, not seen in the
same micrographs before the deformation, have been
attributed to deformation-induced dislocations
(Davidson et al .,1975). Annealing was carried out
under vacuum of ~10-6 Torr in an ampoule of high
purity. At annealing temperature above 680 oc
losses of out-diffused P were compensated by maintaining P over-pressure. This was achieved by
holding a small amount of po11dered GaP at one end
of the ampoule at a slightly higher temperature
than the specimen temperature.

3
ll ( t h )

FIG. 11 Fitting of the theoretical curves ln(I/1 0 }
versus U with the experimental data;(a) with the
electron beam positioned far from the dislocation
(S=l) and (b) with the electron beam positioned
at a distance 6.7 µm from the dislocation.
IN(t)/IN(O) versus (t/r) with the beam located far
from the dislocation. Excellent fitting of the
experimental points with Eq. ()7) is obtai.ned for
S= l, i.e. for surface recombination velocity
s=4 .5xl03 cm/s . This value of sis rather small
for GaP and it should be expected since the sample
was polished to a mirror-like surface. Figure 11
(curve (b)) also shows the experimental data of
the CL decay IN(t)/INlO) versus (t/r) with the
beam located at a distance x =0.76 L from the dislocation. Sa tisfactory fittiRg of the experimental
points with Eq. (20) is obtained for A=0.1, i .e .
for an effective dislocation radius a that characterizes the recombination strength of the dislo cation ,
0.88 µm.
The value of a is incompatible with recombination taking place only at dangling bonds at the
dislocation core, where a might be expected to be
of the order of a few~ units. The experimental
result that the lifetime reduction is smallest for
the _most l!ghtly doped sample , where the depletion
region radius ~ould be expected to be largest,
rules out the idea of recombination taking place
at 3 depletion region surrounding the dislocation.
Taking into account these observations and the variation of the lifetime reduction at a dislocation
with material doping and growth conditions we
suggest that it is more probable that reco~bination
tak2s pl ace at a Cottre ll atmosphere of impurities
or defects surrounding the dislocation. The temperature dependence of dis l ocation recombination is
very similar to that of the bulk, indicatinq that
the recombination centres which have segregated
a'.o~n~ the dislocation are very similar to those
l 1m1t1ng the bul~ lifetime.
Nature of the Recombination Centres at Dislocations in _GaP'. In order to identify the nature of
the_recom~1nat1on centres at dislocations in GaP,
we investigated both as-grown dislocations and dislocations induced by plastic deformation and, also,
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FIG. 12 Lifetime variation with distance from a
single grown-in (1) and deformation-induced (2)
dislocation in VPE undoped layer.
The influence on the lifetime of a single deformation-induced dislocation in comparison with
a single dislocation is shown in Fig. 12. Table
II shows the effect of annealing on the dislocation efficiency and on the average lifetime over
a large specimen area ( □ iritriadis,1983). We define the dislocation efficiency as (1-r 0/r )x100%,
where r 0 is the lifetime measured at the d~slocation ana TB is the lifetime measured in a dislocation free-area of the sample. Table III shows the
variation of the dislocation efficiency _ after
successive removal of the surface l ayer in a VPE
and LPE sample (Dimitriadis,1983).
From Fig. 12 and the results of Tab 1e I I it
is clear that:(i) The bulk lifetime in the deformed samples is nearly the same as in the control samples indicating that plastic deformation
produces mainly glide-induced dislocations while
the point-defect production is negligible. (ii)
The deformation-induced dislocations appear to be
less effic i ent recombination centres than the
g'.own-in dislocations. By combining these results
with the fact that the process of deformation was
performed at 650 °c for about one minute,whereas
the growth of the material was performed at higher
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temperatures ( 8000C) for much longer time, we
suggest that either impurity or native defect
interactions with dislocations are the main reason
for the recombination behaviour of dislocations
and not the details of the dislocation structure.
Table II. Average lifetime and recombination
efficiency of grown - in and deformation induced
dislocations in unannealed, annealed and annealed
-etched LPE TH108 GaP layer.
Average
Lifetirr:e
(n s )

Sample

Dislocation
Efficiency

Unannealed

29 ±1.5
grown-in
deformation 13.5:!:0.7
-induced

160±8

Annealed
at 8oooc
for 24h

arown-in
22.7*1
deformation 9±0.5
-induced

12;1;0,5

Annealed at
8QOOC for 24h
and etched to
remove a s urface layer of
about 4-5µm

14±0. 7
grown-in
deformation 5.5±0.3
-induced

26± 1. 5

%)

Table III . Average lifetime and di slocation
efficiency with depth below the surface of the
epilayer in the LPE TH108 and VPE GPR217 GaP
samples.
Sample
LPE Ga P
with epil ayer
thickness 50µm
VPE GaP with
epilayer
thickness
27.5µm

Depth
(µm)
0

25
33.3
41. 7
0
6

13.3
15.2

Average
Lifetime

Di slocation
Efficiency

n s)

(%)

158
120
91
55
33
31.5
32
31. 5

28
35
41
50.5
17.8
17.0
17.1
18.4

follows the P-vacancy concentration. This
behavior, together with the increase of the dislocation recombination efficiency with S-doping
concentration, indicates that the trap responsible
for the dislocation recombination is the S-donor/
P-vacancy complex.
Additional support of the view that the recombination at dislocations in GaP is due to a
segregation of S-donor/P-vacancy complexes comes
from the analysis of the experimental results of
Table III. It is clear that in the LPE layer the
averaqe lifetime decreases and the dislocation
efficlency increases with depth, while in the VrE
layer the lifetime and the dislocation efficiency
are invariant with depth. This different behavicr
of the lifetime and the dislocation efficiency in
the LPE and VPE layers is due to the method of
material growth. The LPE layer was grown unisothermally with the temperature decreasing fro m
the substrate towards the surface. Jordan et al.
(1974) have shown that the concentration of different defects introduced into the epilayer
increases with the growth temperature. Taking
into account this observation, the increase of
lifetime in going from the substrate towards the
surface mo st probably results from a reduction in
impurity ts-donor) incorporation or a decrease in
the native defect (e.g. vacancy) concentration.
The decrease of the dislocation efficiency with
depth can be explained by the decrease in the
concentration with depth of the S-donor/P-vacancy
complexes segregated around the dislocations. The
inv ari ance of the lifetime and the dislocation
efficiency with depth in the VPE layer does not
contradict th e above model sin ce the VPE layer \~a s
grown isothermally and, thu s , no variation in the
impu r ity or P-vacancy concentration with depth is
expec ted. Finally, another support of the view
that th e recombination at dislocations in GaP i s
due to a segregation of S-donor/P-vacancy
comple xes comes from the analysis of the CL
spectra obtained from individual points on the
speci men surface. Studies of the CL spectra inside
and outside the dislocations in substrate materials (Tajima et al. ,1978) and in epitaxial layers
(Dimitriadis et al.,1978) indicated the segregation around the dislocations of a complex of VI
group donors with native defects (e . g. vacancie s ).
Dislocation-Induced Trap Level in GaP
The lifetime measured around a single dislocation can be assumed to be controlled by recombination at uniformly distributed bulk recombination
centres giving rise to a lifetime Tb and at the
dislocation giving rise to a lifetime Td, The
recombination activity of the dislocation is
characterized by the lifetime T~ which is a
function of the effective radiui a (Dimitriadis ,
1984a). The measured lifetime is then given by

Annealing of the deformed samples at 800°c reduced the average lifetime by a factor of 10,
explained by assuming an effective P-vacancy production , and also reduced the dislocation efficiency due, probably, to the diffusion of the
segregated impurities or native defects away from
the dislocation core during the annealino. The
distribution of P-vacancies created duri~g the
annealing is not known, but it can be said that a
deviation from the grown-in concentration of
vacancies will be established with some qradient
throughout the crystal, the deviation being
greatest at the surface. Recause of thi s distribution of P-vacancies., removal of a surface layer
4-5 µm increased the lifetime by a factor of 2
and decreased the dislocation efficiency, indicating that the efficiency of dislocations

Figure 13 shows the temperature dependence of the
lifetime measured with the electron beam located
in a dislocation-free area and at a single dislocation of a LPE GaP layer (Dimitriadis,1984b).
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To explain the above temperature dependence
of Td, we assume that the non-radiative transi tion through dislocations is due to a single
dominant recombination centre with an eneriy
level Et and capture constant for holes ToQ·
According to the analysis by Wessels (1975; and
using Shockley-Read-Hall theory of recombination,
the measured lifetime is given by

,-._
U)

C:

cd=(c po +c g)+cexp(-Et/kT)

100

1

where c is the average time which a carrier
spends ~n a trap. The term c is equal to (ni/n 0 )cpo
for a centre in the upper half of the gap and to
(pi/n 0 )cno for a centre in the lower half of the
gap. From Eq.(25) it is clear that cd decreases
with T and takes a constant value cmin=cpo+cg at
low temperaturPs in accordance with the experiment.
Plot of log(cd-cmin) versus 1/T should give a
straight line from the slope of which the energy
level Et can be determined. Such plots, obtained
from Fig.14, are shown in Fig.15. For both LPE and

2

20 ..___.___..____.__~.__........__..___..____.'----'---'--'

2

(25)

4

1

FIG.13 Temperature dependence of the minority
carrier lifetime as measured from the CL decay
in LPE n-type GaP layer and with the electron
beam positioned (1) at a dislocation-free area
of the sample and (2) at a single dislocation
(Dimitriadis,1984b).

1000
2

From these results and Eq.(24), the temperature
dependence of the dislocation lifetime cd is represented in Fig.14 for a VPE and LPE sample. In
both cases the lifetime cd decrease with decreasing the temperature and approaches a constant
value at low temperatures.
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FIG.15 Temperature dependence of cd-cmin inn-type
(1) LPE and (2) VPE GaP samples. cmin is the
minimum measured value of the dislocation lifetime
at low temperatures (fig . 14).

10

VPE samples we find Et=0.15eV . However, we cannot
determine if this level lies in the upper or lower
half of the energy gap. The activation energy of
0.15eV is comparable with this found by Wessels
(1975) in similar materials. Wessels attributed
this level to a Cu-donor complex which was found
to have an exciton binding energy of 0.16eV
(Bhargava et al.,1971). By considering the results
of the previous section, the last experimental
result can be explained by suggesting that Cu atoms
incorporate at P-sites, i.e. the recombination
centres at dislocations in GaP are associated

....__.____,..___.__..-,.14c...__-'---J--'---.l-...i._--1-----1

Fl G.14 Temperature dependence of the dislocation
lifetime in n-type (1) LPE GaP and (2) VPE GaP
samples.
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with S-donor/Cu complexes.
Investigation of Grain Boundaries in Polycrystalline Semiconductors
Polycrystalline semiconductors are increasingly employed in the fabrication of photovoltaic
devices and thin-film transistors which presented
an increased interest in a number of applications
such as flat panel displays and three-dimensional
LSI's. However, these devices present poor performance due to excessive carrier recombination
at the grain boundaries .
Considerable effort has been m~de for investigating the electrical properties of grain boundaries. Basic methods for characterizing the electrical activity of grain boundaries are the
current-voltage (I-V), curren t-temperature (I-T)
and capacitance-voltage (C-V) characteristics in
semiconductor bicrystals(Ko~sh and Muller,1978;
Seager and Pike,1979; Siegel et al.,1981; Truong
et al. ,1982; McGonigal et al. ,1983; Dimitriadis
et al.,1980; Siegel et al. ,1986). These method s
are suitable for determination of the grain
boundary barrier height (~Bl and t he distribution
in the energy gap of the grain boundary trap
states. However, these methods give an average
value of the grain boundary parameters over the
whole grain boundary plane and do not allow one to
estimate local variation of the grain boundary
parameters.
Last years, st~ady-state and time - resolved
EBIC methods have been used for determination of
t~e se~ i conductor parameters such as lifetime (t),
d1ffus1on length (L) and effective grain boundary
recombination velocity (SGB) for the minority
carriers (Leedy,1977· Berz and Kuiken 1976·
Kuiken,1976; Zook,19AO: Burk et al. , 1~83; '
Ioannou and Dimitriadis,1982). The use of the EBIC
methods for studying grain boundaries present the
advantage of local investigation of the grain
boundary parameters by measuring the short-circuit
current Isc, generated by the loca l source of the
electron beam. In this section, we describe
briefly the EBIC methods developed b.y other
authors and we, also, present a recent improvement of the steady-state EBIC method (Dimitriadis ,
1985c) for investigation of grain boundaries in
polycrystalline semiconductors.
The Time-Dependent Method
The geometrical configuration of the method
is illustrated in Fig . 16 . In a polycrystalline
~olar_cel'. with columnar boundaries, the p-n
Junction 1s located close to the surface and the
grain boundaries are perpendicular to the surface.
Electron - hole pairs are generated by an electron
beam which is switched off at time t=O. Some of
the carriers recombine at the grain boundary and
o~hers are ~ollected by the p-n junction giving
rise to an induced current (EBIC) in the external
circuit. The grain parameters, such as the lifetime and the diffusivity of the minority carriers,
and the effective recombination velocity at the
grain boundary can be determined from the EBIC
decay curves.
The time-dependent EBIC current near the
grain boundary was analyzed by Romanowski et al.
(1986). In the theoretical analysis the lumped

p-n junction
xo - •

Electron
beam
zo

~

Point Source

z

Grain boundary

FIG.16 Geometrical configuration of the solar
cell with a grain boundary and a point source
excitation.
parameters of the solar cell, such as the depletion layer capacitance C, the series resistance
Rand the shunt circuit resistance Rs, were taken
into account. The resistance R is, usually, much
larger than the series resistance Rs and may be
neglected. The decay of the short-circuit current,
measured with respect to the steady-state shortcircuit current Io, is described by the relationship (Romanowski et al .,1986)
(26)
where U=t/t, O=t/RC, I1 corresponds to the decay
of the ideal short-circuit current (the
capacitance and the series resistance are equal
to zero) and 12 is due to the internal parameters
of the solar cel l, the diffusion length and t~e
grain boundary recombination velocity. By fittinq
the experimental with the theoretical EBIC decay
curves, the lifetime t, the diffusion len gth L
and the effective recombination velocity sGB at
the grain boundary could be calculated. However,
from the theoretical analysis of the EBIC decay
curves, the folllowing conclusions have been
obtained: (1) Variation in the value of the parameter O has a large effect on the EBIC decay.
(2) The EBIC decay depends weakly on the distance
between the grain boundary and the source if the
diffusion length is less than the grain size.
(3) The effective recombination velocity sGB at
the grain boundary has only a small effect on the
EBIC decay. The above conclusions show that the
time-dependent EBIC method allows one to determine
the lifetime of the minority carriers, while in
determining the diffusion length Land the
effective recombination velocity SGB at the grain
boundary the resolution of the method is low. For
this reason, the parameters Land sGB should be
found with the steady-state EBIC method which
has better resolution as described below.
The Steady-State EBIC Method
The geometrical configuration of this method
is similar to that of the time-dependent EBIC
method (Fig.16). A focused electron beam is
incident normal to the collecting junction and is
scanned along a line perpendicular to the grain
boundary plane. When the electron beam is swept
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across the grain boundary, the collected current
decreases as a result of the enhanced carrier
recombination and a contrast profile is produced.
In the past, several authors obtained
expressions for contrast profiles near a grain
boundary following a treatment similar to that
of Zook (1980) for light beam excitation source
(Zook, 1980; Seager,1982; Burk et al.,1983;
Donolato,1983). The expression for the EBIC response as a function of the distance x0 from the
grain boundary is given by (Burk et al .,1983)

0

sinhK

x

S l+expl-Xo coshK) +coshK
(S coshK) coshK
sinh(f sinhK)dK

(28)
where I 0 is the diode current when the beam is far
from the grain boundary and Ii represents the
decrease of the collected current due to the
grain boundary. The current I 0 is given by
(Hackett, 1972)
(29)

I 0 =qGexp(-~/L)

For calculation of the current I we consider a
point source at the position (x 0 1,0,~) and a point
defect at the grain boundary at the position
(0,y,z). For the point defect, Donolato and Klann
(1980) have shown that the current I 1 i s given by
qsG exp(-r 1/L)
exp(-r 2/L)
(30)
I1= 4n0 [
r
r
]
2
1

x

(27)

where S=sGBT/L, G is the generation rate and
Xo=x 0 /L.
Therefore, the quantitative analysis
for the induced current profile at a grain
boundary requires the use of a computer for numerical calculation of an integral expression
(Eq.27). By fitting the theory with the experimental data of the EBIC response for distances x0
greater than the penetration depth of the incident electron beam, the surface recombination
velocity at the grain boundary can be determined.
In contrast to previous authors, we developed
simple analytical expressions for the EBIC profiles at a grain boundary and the parameters L
and SGB can be easi l y determined (Dimitriadis,
1985c). In the analysis, the following assumptions
are made: (1) The injection level is low.
(2) L>> ~, i.e. we can consider excitation of a
point source at a depth~ below the surface. This
approximation is met in Si where Lis a tens of
µm and ~<5µm up to electron beam energies 40keV.
(3) The minority carriers generated by the
electron beam undergo diffusion only, i.e. there
is no internal electric field in the grains.
(4) The depletion region width of the junction is
w<< L and w<< ~, i.e. the junction can be considered
to be lying on the semiconductor surface. (5) The
thickness of the semiconductor is d>> L, i.e. the
semiconductor can be considered as semi-infinite.
(6) The influence of the grain bounda ry on the
minority carrier distribution can be considered
as a perturbation.
In order to derive an analytical expression
for the EBIC profile, the grain boundary is considered as a continuous distribution of point
defects in a semi-infinite plane with recombination velocity sGB· First , we consider the results
obtained by 0onolato and Klann (1980) considering
the influence of a point defect at the grain
boundary plane on the EBIC signal as the electron
beam is scanning the sample surface . Then,
considering that the contribution of the total
point defects of the grain boundary is additive ,
the influence of the grain boundary on the EBIC
signal can be calculated from the corresponding
expression for a point defect by integrating over
the grain boundary plane.
The diode current with the beam positioned
at a distance from the grain boundary can be
written as

wheres is the recombination strength of a point
defect (cm3s-1) and
2 2
2 1/2
[x 0 +y +(z-~) ]
(31)
2 2
2 1/2
r2
[xo+y +(z+~) ]
Since the grain boundary is considered as a continuous distribution of point defects, the current
11 for the grain boundary is obtained from (30)
by integrating over the grain boundary plane after
substitution of s with sGR(cm/s). If x >>~ and
x >> L, then after some mat hemati cal tr2atment
(Bimitriadis,1985c), the collected diode current
normalized by the current I 0 is given by
IN,EBIC

SGB _
_ exp(-X 0 )
l- 2/2n =exp(=)
✓XO

( 32 )

where Sr,B = sGB/(0/L), = = ~/L, X0 = x0 /L.
According to Eql/~32), the plot ot
ln[(l-IN
)x
] versus x should give a
straight'~~~~ f~om the slope 0 of which the diffusion length can be obtained. The grain boundary
recombination velocity can be determined from Eq.
(32) provided that the parameter= is known. However, Eq. (32) is a first-order approximation to
the grain boundary contrast which diverges for
SGB +
Therefore, for strong
recombination
grain boundaries, Eq.(27) may be used for the
correct evaluation of the recombination velocity
00

•

sGB· The method described above has been applied
to measure the diffusion length and the grain
boundary recombination velocity of a p-type polycrystalline silicon. In silicon, the generation
volume can be approximated by a sphere of radius
~ touching the surface with constant generation
rate G (cm- 3/S). The value of~ is empirically
determined by (Berz and Kuiken,1976).
~ = 3.84xl0-S E1 · 75
(33)
b

where E is in eV and~ is in µm. The EBIC experimental 8ata were obtained from a recent work of
Sundaresan et al. (1984). Figure 17 shows the
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tn{(l-IN,EBIC) x01h } versus xo curves for two
typical grain boundaries as obtained at electron
beam energy Eb=35keV. In both cases a straight
line is obtained from the slope of which we
find diffusion lengths 24.7 and 21.8 µmin the
grains of the samples A and B, respectively.
The fitting of the ~xpert1~ntal with theoretical curves ln[(l-IN
) x ] versus x0 should
not be performed for ~~~fr digtances of the electron beam from the grain boundary for the following reasons:1) When x ➔o, the calculated EBIC
signal tends to infin9ty, i.e. Eq. (32) is invalid and 2) within small distances of the electron beam from the grain boundary the EBIC response is not a point source response, but the response of the entire generation volume of radius
e. Therefore, point source response can be assumed
by considering the EBIC response at distances from
the grain boundary greater than 2e.
~
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FIG. 17 ln [(1-IN FRir.l x112 J versus x0 plots for
two typical graiH'50undar9es in a p-type polysilicon as obtained at Eb=35 keV.
The grain boundary recombination velocity sGB
is determined from Eq. (32) by using the value of
e=3.44 µmas calculated from Eq. (33). Assuming
D=25 cm2/s,we find recombination velocities at the
grain boundaries 2.7xl05 and 2.3x105 cm/s for the
cases A and B, respectively. However, the value of
the parameter e may be different as calculated from
various models, and errors in this parameter could
affect the value of sGB· Since in Silicon L>>e, a
small change in e does not change significantly the
ratio ==e/L or the value of s . The obtained
values of Lands Bare in go8~ agreement with the
values obtained bj other authors in similar materials by using computer-aided calculations (Seager,
1982;Burk et al.,1983;Donolato,1983) .
Conclusion
Considerable work over the last 20 years bas
shown that the SEM can be used effectively for assessment of semiconductor properties such as diffusion length, 1ifetime and dislocation density on
a micrometer scale. The EBIC and CL methods des cribed above can be used for such measurements.
These methods can also be used for characterization
of the electrical activity of extended defects in

semiconductors such as dislocations and grain
boundaries, and for measurement of the surface recombination velocity at these defects. The ability
to make lifetime measurements in a micron-sized
region of the semiconductor enables us to study
the recombination mechanisms at individual defects.
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